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A novel approach to the inverse problem solution in gas elec-
tron diffraction is reported. It involves the variation of force-
constants scale factors instead of “classical” variation of vibrational
amplitudes. Resulting force-constants scale factors are used for the
amplitudes and vibration corrections calculations. The algorithm
and software have been successfully tested. For this purpose,
experimental gas electron diffraction data were employed to
obtain structural parameters and these parameters were compared
to available ones of benzene, iodine and copper octamethylpor-
phyrin molecules.

Gas electron diffraction (GED) is an experimental method to
obtain the structures of free molecules. The possibility of studying
molecular structure of large molecules by the synchronous gas-
phase electron diffraction and mass spectrometry (GED/MS) is
demonstrated on several examples [1-3] including porphyrins
[4-7], phthalocyanines [8,9] and porphyrazine [10]. The GED struc-
tural analysis is based on the inverse problem solution for the
determination molecular structures by means of the diffraction
patterns refinement. It implies fitting of the molecular model to
experimental data by variation of the internuclear distances and
vibration amplitudes (I) of the atom pairs.

The starting geometrical parameters (bond distances, valence
angles) can be obtained by quantum chemical calculations. The
starting vibrational amplitudes (lieor) can be calculated on the
base of force field obtained from quantum chemical calculations
with the use of the algorithms developed in the works [11-14].
During the refinement of GED data the Kkits of internuclear dis-
tances and vibrational amplitudes are combined into groups. The
differences between the values of similar distances and amplitudes
are fixed within the groups [15]. The data of microwave, IR and
Raman spectroscopy can be involved into processing the GED
experimental results. This method of processing was demonstrated

* Corresponding author.
E-mail address: zhabanov@isuct.ru (Y.A. Zhabanov).

https://doi.org/10.1016/j.comptc.2017.11.024
2210-271X/© 2017 Elsevier B.V. All rights reserved.

in works [16,17]. Furthermore, the authors of [16,17] used not only
data from other experimental methods in GED structural analysis,
but also carried the variation of Pulay coefficients [18]. However,
the authors of these works have studied only the structure of rela-
tively small objects, i.e. benzene in [16] and 4-fluorobenzaldehyde
in [17].

In this manuscript, we are describing the realization of the
novel approach to the GED inverse problem solution that involves
the variation of force-constants scale factors used for the ampli-
tudes and vibration corrections calculations instead of variation
of the vibrational amplitudes.

Structural analysis is based on a comparison of experimental
and theoretical sM(s) molecular intensity functions of electron
scattering with the help of the least squares method. The quadratic
functional for minimization is

Q =" 0 [Mexp(s) — ksMineor (5)]*

where s is a scattering angle, ws is a weight function, k is a scaling
factor, SM(s)exp is @ experimental molecular intensity, obtained by
diffraction patterns refinement, SM(S)iheor is @ theoretical molecular
intensity, which is calculated by the formula
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where rj; is a thermally average internuclear distance of the pair of
atoms i and j (r.), ljj is a vibrational amplitude of atom pairs, s is a
scattering angle parameter and g;(s) is a function characterizing a
scattering ability, k; = L aj 3 - phase-shift parameter, g;; - asymme-
try constant. Thus, the aim of structural analysis is minimization of
Q functional by rj; and [;; variation of molecular models.

It is known that the thermally average r, distances are not geo-
metrically consistent [11]. Therefore, in current practice GED struc-
tural analysis are internally done in terms of geometrically
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consistent r,; (the internuclear distances are obtained using the
vibrational corrections calculated on base of harmonic force field
assuming the nonlinear dependence of the internal and Cartesian
coordinates) or re (equilibrium distances) parameters [19]. It
requires corresponding corrections to interatomic distances
(rmp—ra) or (re—r,) and starting values of vibrational amplitudes [,
which are, in most cases, computed on the basis of theoretically
calculated force constants. The calculated amplitudes and vibra-
tion correction values can be changed with the use of the approach
of force constants scaling proposed by Pulay [18].

fip) = pp}*f}

where fﬁ is a force constant, p; and p; are scaling factors. A new pro-
gram GedModule has been written to realize a new approach of
GED structural analysis, which uses the variation of the Pulay scale
factors [18] instead of variation of the vibrational amplitudes.

The algorithms of “classical” and new alternative approaches
are shown in Fig. 1. The new alternative approach involves the
recalculation of the amplitudes and vibrational corrections with
different values of scaling factors p at every variation step in the
structural analysis. Thus, potential energy surface (PES) is exposed
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Fig. 1. The algorithms of new alternative (left) and “classical” (right) approaches to
the gas electron diffraction inverse problem solution. QC - the quantum chemistry
calculations for geometry parameters and force field of a molecule. VM - the
process of obtaining the vibrational characteristics of a molecule with the help of
VibModule [22] program.
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Fig. 2. The algorithm of new alternative approach. FC - force constants matrix
(force field); LSQ - least squares, a technique of equation fitting.

to fit the experimental data. The new program GedModule is coded
in C++ computer language and uses GNU Scientific Library [20] and
UNEX mathematical library (UML) from UNEX2 project [21].

Moreover, GedModule contains the code of VibModule program
[22], which utilizes Sipachev’s algorithms [11-14] for calculating
the vibrational amplitudes and corrections. Thus, GedModule per-
forms the variation of Pulay scale factors, recalculates the vibra-
tional amplitudes and corrections and uses them in calculation
SMiheor(S). The scheme of this developed algorithm is shown in
Fig. 2. The actions, mentioned above, are more justified theoreti-
cally in the minimisation of Q functional. In this case fitting of
the molecular model to the experimental data is performed by
force field scaling. Further on, the scaled force field is used to recal-
culate the vibrational amplitudes. Moreover, in the process of
structural analysis the vibrational corrections are being recalcu-
lated and updated. According to the classical approach the vibra-
tional corrections were constant during the structural analysis.

In order to test the accuracy of results, obtained with the help of
GedModule, structural parameters of several molecules have been
defined with the use of experimental GED data for iodine (1) [26],
benzene (CgHg) [26] and 2,3,7,8,12,13,17,18-octamethylporphyrin
copper (CuN4CygH,g, CuUOMP, see Fig. 3) [4]. Further on, the results,
obtained by the novel approach will be called “our data”.

The electron diffraction patterns of I, C¢Hg and CuN4CpgHys
were obtained in a synchronous gas electron diffraction experi-
ments carried out with the use of the EMR-100/APDM-1 unit
[23-25]. The results of GED investigations (based on classical
approach) of iodine, benzene [26] and CuOMP [4] (Fig. 3) molecular
structures were published.

The obtained structural parameters for iodine molecule (I,) and
benzene molecule (C¢Hg) are summarized in Table 1. The values of
well-definable distances (such as r(C—C) in benzene, and r(I—I) in
I,) in our refinements are in excellent agreement with the data
available in the literature [26-31] (the maximal difference
between our results and literature data is 0.001 A, see Table 1) In
the case of benzene, we used three quantum chemical approxima-
tions B3LYP/cc-pVTZ, PBE/6-31G and HF/3-21G, see Table 1) for
obtaining starting geometry and force field for structural analysis.
In all three cases (even in the case of low level HF/3-21G calcula-
tion) the same values of bond distance r(C—C) and amplitude [
(C—C) were obtained.

Fig. 3. Molecular structure of the CuOMP.
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